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High Arctic environments are particularly sensitive to climate changes, but retrieval of paleoecological
data is challenging due to low productivity and biomass. At the same time, Arctic soils and sediments
have proven exceptional for long-term DNA preservation due to their constantly low temperatures. Lake
sediments contain DNA paleorecords of the surrounding ecosystems and can be used to retrieve a variety
of organismal groups from a single sample. In this study, we analyzed vascular plant, bryophyte, algal (in
particular diatom) and copepod DNA retrieved from a sediment core spanning the Holocene, taken from
Bliss Lake on the northernmost coast of Greenland. A previous multi-proxy study including microscopic
diatom analyses showed that this lake experienced changes between marine and lacustrine conditions.
We inferred the same environmental changes from algal DNA preserved in the sediment core. Our DNA
record was stratigraphically coherent, with no indication of leaching between layers, and our cross-taxon
comparisons were in accordance with previously inferred local ecosystem changes. Authentic ancient
plant DNA was retrieved from nearly all layers, both from the marine and the limnic phases, and distinct
temporal changes in plant presence were recovered. The plant DNA was mostly in agreement with ex-
pected vegetation history, but very early occurrences of vascular plants, including the woody Empetrum
nigrum, document terrestrial vegetation very shortly after glacial retreat. Our study shows that multi-
taxon metabarcoding of sedimentary ancient DNA from lake cores is a valuable tool both for terrestrial
and aquatic paleoecology, even in low-productivity ecosystems such as the High Arctic.
© 2015 Elsevier Ltd. All rights reserved.elmholtz Centre for Polar and
nberg A43, 14473 Potsdam,
2137.
onary Synthesis, Department
ern, NO-0318 Oslo, Norway.1. Introduction
The High Arctic is currently experiencing severe changes in
climate and environment, with unprecedented rates of warming in
areas such as northernmost Greenland (Perren et al., 2012). This has
important implications for the biota of these regions (Klein et al.,
2008; Nielsen and Wall, 2013). Major changes in climate and spe-
cies distributions have previously occurred during the Pleistocene
glacialeinterglacial cycles (Brochmann et al., 2003; Kienast et al.,
2011), which served as important drivers of past and current
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and ecosystem perturbations also characterized the Holocene
(Kaufman et al., 2009; Funder et al., 2011). As the High Arctic har-
bors ecosystems with low diversity and little direct anthropogenic
inﬂuence, effects of climate changes are particularly pronounced
(Callaghan et al., 2004; Wall, 2007), and it is predicted that future
changes due to global warming will be substantial (ACIA, 2005).
Therefore, investigating previous ecosystem changes and timing of
species establishment in the High Arctic are highly relevant to
understand and forecast possible consequences of future climate
warming.
Paleoecological archives, such as lacustrine and marine sedi-
ment cores, provide a valuable source of data (Willis et al., 2010).
They record the history of vegetation cover and terrestrial
ecosystem changes, as well as changes in aquatic communities,
which are sensitive indicators of changing environmental condi-
tions (Smol and Cumming, 2000). Unfortunately, studies of past
biotic changes in the low-productivity ecosystems of the High
Arctic are often impeded by the lack or scarcity of organismal re-
mains (Funder and Abrahamsen, 1988; Wagner et al., 2008). An
additional problem at the limits of species distributions, such as in
the Arctic, is diminished rate of sexual reproduction under unfa-
vorable conditions (Klein et al., 2008), resulting in a poor pollen
record. Finally, harsh conditions and low nutrient availability result
in low growth rates and low biomass of aquatic organisms (Smol,
1983). Therefore, although studies of past algal communities, in
particular of diatoms, are useful in Arctic paleoecology (Douglas
and Smol, 1999; Smol et al., 2005), microscopic data can be difﬁ-
cult to obtain.
In recent years, the analysis of ancient DNA (aDNA) isolated
directly from sediments has become a valuable addition to the
toolbox for analyzing organismal records through time. It offers
complementary data to existing paleoecological tools, such as
pollen analysis (e.g. Jørgensen et al., 2012). Furthermore, the
potentially high sensitivity of this approach, which allows detection
of organisms even in the absence of visible remains (Willerslev
et al., 2003; Haile et al., 2009), makes sedimentary ancient DNA
(sedaDNA, Haile et al., 2009) particularly promising for the study of
ecosystem changes in low-productivity settings such as in the High
Arctic. DNA can be retrieved both from terrestrially deposited soils
and sediments (e.g. Willerslev et al., 2003; Sønstebø et al., 2010;
Willerslev et al., 2014) and from lacustrine and marine sediment
cores (e.g. Coolen et al., 2013; Parducci et al., 2013; Boessenkool
et al., 2014). The use of sedaDNA to analyze paleorecords has
become feasible for large numbers of samples and multiple
organismal groups, thanks to high-throughput sequencing tech-
nologies coupled with optimized markers for species identiﬁcation.
This approach, termed DNA metabarcoding (Taberlet et al., 2012),
has enabled the parallel retrieval of large amounts of informative
data (e.g. Binladen et al., 2007; Valentini et al., 2009; Willerslev
et al., 2014). DNA from both plants and plankton has been found
in sediment cores spanning centennial to millennial time scales at
lower latitudes (e.g. Epp et al., 2010; Stoof-Leichsenring et al., 2012;
Boessenkool et al., 2014; Giguet-Covex et al., 2014), but high-
latitude lakes, such as in the Arctic, can supposedly yield results
going back further in time, because conditions for DNA preserva-
tion are optimal under cold conditions (Lindahl, 1993; P€a€abo et al.,
2004; Willerslev et al., 2004; Hofreiter et al., 2012).
In the present study, we examined the DNA record throughout a
sediment core from the High Arctic Bliss Lake, which has previously
been analyzed using sedimentological methods and classical
diatom analyses (Olsen et al., 2012). This sediment core spans the
Holocene of one of the northernmost lakes in the world, located in
Peary Land in the far north of Greenland, on a coastal plain facing
the Arctic Ocean (Fig. 1). Peary Land is the landmass closest to theNorth Pole, with currently extreme conditions and land-fast sea ice.
Due to its remoteness, paleoecological investigations from this area,
in particular of lacustrine sediment cores, are rare (Olsen et al.,
2012). Continuous sedimentary records spanning the complete
Holocene are uncommon in northern Greenland, because deglaci-
ation, lake formation and the onset of sedimentation commonly fall
within the early Holocene (Cremer et al., 2008; Larsen et al., 2010;
M€oller et al., 2010). The formation of Bliss Lake is assumed to be
concurrent with the general deglaciation of North Greenland, at
ca 11,000 cal yr BP (Larsen et al., 2010; M€oller et al., 2010), and
throughout the Holocene it experienced a series of distinct envi-
ronmental shifts (Olsen et al., 2012). It started as a marine
embayment with brackish conditions, caused by shelf-based ice off
the coast of North Greenland and a high inﬂow of melt water
(termed zone 1 by Olsen et al., 2012). Full inundation by the ocean
at ca 10,500 cal yr BP led to a phase when the current lake was a
marine bay (zone 2). Finally, at ca 7200 cal yr BP, the lake became
isolated from the ocean, and lacustrine conditions have prevailed to
this day (zone 3).
The Bliss Lake sediment core is a rare archive of the Holocene
environmental history of Northern Greenland, and it is uniquely
suited to test the power and sensitivity of DNA-based approaches to
analyze changing environmental conditions through time in low-
productivity ecosystems. We analyzed the record using a multi-
taxon metabarcoding approach with primers designed for
vascular plants, bryophytes, diatoms and copepods. We aimed to
trace the terrestrial and aquatic ecosystem history throughout the
Holocene in this remote part of Greenland, and to assess the po-
tential of multi-taxon metabarcoding in such extreme low-
productivity ecosystems.
2. Regional setting
Bliss Lake (83 31.2270 N, 28 21.2010 W, 17 m above sea level
(a.s.l.), Fig. 1) is described in detail in Olsen et al. (2012). The lake
has a maximum depth of 9.8 m and is presently ice-covered year-
round, with a mid July ice thickness measured to 158 cm. It is
located on the coastal plain of Peary Land, which separates the
interior ice-covered mountains from the Arctic Ocean. This coastal
plain of northeast Greenland is characterized by extreme climatic
and environmental conditions. At nearby Kap Morris Jesup the
mean annual temperature and the average of the warmest month
are 19 C and 1 C, respectively (Cappelen and Jensen, 2001). The
vegetation is sparse polar desert with only ca 5% coverage of plants
over the barren ground (Bay, 1992). The vascular plant vegetation
on the plain is dominated by saxifrages, notably Saxifraga opposi-
tifolia, as well as Papaver, Oxyria, and species of the Caryophyllaceae
and Brassicaceae. In sheltered habitats, patches of High Arctic dwarf
shrubs can be found, with the woody species Salix arctica, Cassiope
tetragona and Dryas integrifolia (Bay, 1992), but we have not
observed any of these in the drainage area of Bliss Lake.
3. Material and methods
3.1. Sampling
The sediment core was collected in 2006 from the deepest part
of the lake using a percussion corer with a diameter of 8 cm. A
total of 331.5 cm was retrieved. The core was stored in a cool room
until sampling. For sampling, the core was split into two halves,
and samples for different sedimentological analyses were taken
from within. For the present study, a total of 20 samples were
taken for DNA extraction with sterile scalpels after carefully
removing the exposed layer of sediment on the inside of the core
(Table 1).
Fig. 1. The sampling locality Bliss Lake in Peary Land, North Greenland. a) Close-up of the position of the lake in the interior part of Bliss Bugt and the topography of the sur-
roundings. Currently the lake is situated at 17 m above sea level, while from about 10,480 to 7220 cal yr BP the basin was part of a marine bay (Olsen et al., 2012). The dashed line
shows the approximate catchment area of Bliss Lake. b) Map of Greenland with indication of the study area in the far north, and c) detail of the study area.
L.S. Epp et al. / Quaternary Science Reviews 117 (2015) 152e1631543.2. Chronology
The chronology of Bliss Lake is based on 24 AMS 14C measure-
ments performed at the accelerator mass spectrometry (AMS) 14C
Dating Centre at Aarhus University. Dating was done on both
macrofossils and on chemical bulk fractions (humic acid and humic
acid residue). Details of sample treatment and age model con-
struction are provided by Olsen et al. (2012). Calibrated ages are
given as cal yr BP.
3.3. Molecular genetic laboratory work
Sampling and DNA extraction were carried out at the Centre for
Geogenetics, University of Copenhagen, in facilities dedicated to
work with aDNA. Extraction of total DNA was carried out using the
PowerMax™ Soil DNA Isolation Kit (MOBIO) with protocol modi-
ﬁcations described in Epp et al. (2012), and included one extraction
blank containing only the chemicals. PCRs were set up in the
dedicated aDNA laboratory at the Natural History Museum in Oslo.
PCR reactions were performed in 25 ml volumes containing 1.25 U
Platinum® Taq High Fidelity DNA Polymerase (Invitrogen), 1 PCR
buffer, 2 mMMgSO4,1mMdNTPs, 0.2 mMof each primer, 0.8 mg/ml
Bovine Serum Albumin (BSA) and 3 ml DNA extract, using primers
with high speciﬁcity either to vascular plants, bryophytes, diatoms
or copepods (Table 2). PCR blanks and the extraction blank wererun alongside the PCRs containing template DNA. The primers for
vascular plants, bryophytes and diatoms were designed as fusion
primers, carrying the Roche 454 Lib-L adapters and Roche MID tags
on one primer for pooling of multiple samples in 454 amplicon
sequencing. The primers for copepods carried unique 6 bp tags on
both primers, and Roche Lib-L adapters were ligated prior to
sequencing. PCR conditions were 2min at 94 C, followed by 50e55
cycles of 94 C for 30 s, Ta (Table 1) for 30 s, 68 C for 30 s, and ﬁnal
extension for 10 min at 72 C. For each sample and primer pair,
ampliﬁcation was attempted up to ﬁve times. As soon as two pos-
itive and strong ampliﬁcations were obtained, these were used for
sequencing. If we did not obtain two positive ampliﬁcations after
ﬁve attempts, the sample was discarded for that particular primer
pair. As a result, the total number of samples sequenced per primer
pair varies (Table 1; vascular plants: 20, bryophytes: 7, diatoms: 18,
copepods: 3). The two positive ampliﬁcations were mixed, puriﬁed
and pooled in equimolar concentrations for sequencing on a Roche
454 GS FLX Titanium platform. Puriﬁcation and normalization of
the PCR products was performed using either the SequalPrep™
Normalization Plate Kit (Invitrogen) or the Agencourt AMPure XP
system (Beckman Coulter) for puriﬁcation, followed by manual
normalization after concentration measurement with a Qubit® 2.0
ﬂuorometer (Invitrogen). Sequencing was conducted either at the
Norwegian Sequencing Centre, University of Oslo, or by Beckman
Coulter Genomics (see Table A.1 for the speciﬁc treatment and
Table 1
Details of the samples used for DNA extraction (including depth, age and diatom zone), and the taxa for which PCR products were obtained and sequenced (x indicates products
were sequenced, e indicates no products were sequenced for this respective taxon).
Table 2
Details of the ampliﬁcation primers used in this study. Target taxon, primer names, annealing temperature (Ta) and original reference are provided.
Taxon Primers Ta Reference
Vascular plants trnL-g & trnL-h 50 C Taberlet et al., 2007
Bryophytes bryo_P6F_1a & bryo_P6R 50 C Epp et al., 2012
Diatoms rbcL_705f & rbcl_808r 44 C Stoof-Leichsenring et al., 2012
Copepods CopF2 & CopR1 61 C Bissett et al., 2005
a Bryo_P6F_1 modiﬁed to include two ambiguous bases: ATTCAGGGAAACYTARGTTG.
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DNA we conducted two rounds of PCR and sequencing (referred to
as vascular plant dataset 1 and 2, abbreviated vp1 and vp2).
Because the two runs of vascular plant DNA were not produced
using identical protocols (see below), we do not consider them full
replicates, but merge the data for the ﬁnal interpretation.
All experiments were carried out adhering to standard aDNA
precautions. In addition, the majority of PCR chemicals were
decontaminated as outlined in Champlot et al. (2010), minimizing
DNA contamination from laboratory equipment and PCR chemicals.
Primers and dNTPs, but not the polymerase, were treated with
heat-labile double-strand speciﬁc DNase (ArcticZymes). The BSA,
MgSO4, 10 buffer and DEPC-treated water were UV irradiated for
10 min in a UV crosslinker in thin-walled PCR strips. Exceptions
were the chemicals used to produce vascular plant dataset 1, and
the bryophyte primers. In each round of vascular plant PCRs, bands
were observed in some of the PCRs of the extraction blanks and in
some of the PCR blanks. To monitor the contamination, we did not
discard these reactions, but rather took a conservative approach
and sequenced all PCR reactions from extraction blanks and PCR
blanks for the vascular plant, bryophyte and diatom reactions, no
matter if they were positive or not.3.4. Analysis of sequence data and taxonomic assignments
Sequence data was ﬁltered and sorted with programs from the
OBITools package (http://metabarcoding.org/obitools). Potential
PCR and sequencing errors were removed using the program obi-
clean. After ﬁltering, all sequences that appeared in any of the
sequenced blanks were excluded from the dataset, and taxonomic
assignments were performed against taxonomic reference libraries
using the program ecotag (part of the OBITools package) and/or by
BLASTn (Altschul et al., 1997) searches against GenBank. The ecotag
analysis of vascular plants and bryophytes was based primarily on
quality-checked and curated reference libraries for arctic and
boreal species constructed at the Natural History Museum in Oslo
(arctic vascular plants: Sønstebø et al., 2010; boreal vascular plants:
Willerslev et al., 2014; bryophytes: Soininen et al., 2015). These li-
braries contain 1664 vascular plant species and 486 bryophyte
species. In addition, reference libraries for each organism group
were created with each of the primer pairs from the EMBL Nucle-
otide Database standard release 113 by extracting sequences of the
targeted region using ecoPCR (Ficetola et al., 2010). To maximize
the number of sequences in the EMBL-based reference libraries, we
allowed ﬁve mismatches between primers and target sequences in
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discard possible erroneous sequences or artifacts from the dataset,
by removing sequences with similarity below a deﬁned identity
threshold to any sequence in the reference library (see Appendix
A.1 for details). All analyses were performed using the computing
facilities of the Norwegian Metacenter for Computational Science
(Notur). All ﬁltered sequences with their taxonomic identity as
inferred by the program ecotag have been deposited in the Dryad
Digital Repository: http://dx.doi.org/10.5061/dryad.26h7b.
The automated taxonomic annotation was manually checked to
exclude potential contaminants. Plant sequences were considered
to be potential contaminants and excluded from the interpretation,
if they were: 1) also present in a blank, 2) identical to sequences
from food or cultivated plants, 3) highly unlikely to have been
present in northernmost Greenland at any time during the Holo-
cene, based on detailed ﬂoristic knowledge of the area, on our own
observations during several ﬁeld seasons and on the Panarctic Flora
Checklist (Elven et al., 2011). We also ﬁne-tuned the taxonomic
assignments according to the geographic distribution of identiﬁed
taxa (Elven et al., 2011) coupled with an evaluation of the
completeness of our circumarctic/circumboreal reference libraries
(e.g., if the library only contained one of two congeneric species
likely to occur in our study area, we assigned the sequence to the
species group level rather than to the species level). If two se-
quences were identiﬁed to the same taxon, but had a 100% identity
to different reference sequences within this taxon, they were
identiﬁed to the same taxon, but indicated as different molecular
operational taxonomic units (MOTUs, Floyd et al., 2002).
All diatom sequence types retained after ﬁltering were consid-
ered asMOTUs and amatrix containing theseMOTUswas subjected
to statistical analyses (see below). Only MOTUs with a best identity
in ecotag of 0.95 or more were taxonomically annotated. Further
information on ﬁltering of diatom sequences is provided in
Appendix A.1. Due to the fact that taphonomical biases, as well as
biases introduced in the PCR reactions, are largely unexplored to
date for sedaDNA, we base all further analyses and the inferences
for all analyzed taxa solely on presence data of the retrieved
sequence types. Sequence type abundances (i.e. number of reads)
are nonetheless reported in the Appendices B.1eB.5.
3.5. Statistical analyzes
The multivariate ordination techniques Principal Component
Analysis (PCA) and Redundancy Analysis (RDA) were applied to two
datasets. The ﬁrst dataset, including only DNA-based data retrieved
with the diatom primers, was analyzed with PCA to compare all
sediment samples according to their diatom community composi-
tion. The second dataset, including physical, chemical and geolog-
ical data retrieved through sedimentological analyses (see below,
Olsen et al., 2012) together with DNA-based data, was analyzed
with RDA to test for relationships between community composition
and paleoenvironmental conditions. The analyses were run in R v.
2.14.1 (R Core Team, 2013) using the package “vegan” (Oksanen
et al., 2013).
For all analyses, original abundances of the 176 algal MOTUs
that were retrieved from 18 samples were reduced to presence/
absence data. To ensure that the sample ordination pattern was
not inﬂuenced by null abundances, Hellinger distance trans-
formation (Rao, 1995) was applied, using the “decostand” func-
tion of the “vegan” package (Oksanen et al., 2013). The
transformed presence/absence data were subsequently analyzed
with PCA as recommended by Legendre and Gallagher (2001). In
an initial PCA run on the total algal dataset, many MOTUs showed
identical factor loading values. We merged these MOTUs into 17
MOTU groups (named with group number followed by number ofindividual MOTUs that were included in this group; Appendix
B.6) and ran a ﬁnal PCA with Hellinger distance transformation
(Appendix C.1) on this dataset comprising in total 33 MOTUs/
MOTU groups.
The physical, chemical and geological data included in the RDA
to test for relationships between community composition and
paleoenvironmental conditions were originally assembled by Olsen
et al. (2012) to investigate palaeolimnological conditions of the lake
through time. These included X-ray ﬂuorescence (XRF) data of a
number of elements (e.g. Ti, K, Ca, Fe, S, Br, Cl), organic matter (OM),
total organic carbon (TOC), total nitrogen (TN), total sulphur (TS)
and carbon isotope ratios (d13C). Emphasis was placed upon ele-
ments that can differentiate betweenmarine and lacustrine phases,
such as S and Br, which are more abundant in marine environ-
ments, and on redox sensitive elements, such as Fe and S. The se-
lection included elements that originate from the catchment and
characterize the delivery of sediments to the lake, while not
participating in chemical reactions (such as Ti and K), and elements
that derive from the catchment but are inﬂuenced by chemical
processes within the lake (such as Ca and Fe). To reach concen-
tration values that reﬂect the autochthonous input of the respective
chemically active elements, they are therefore normalized. For
example, Ca may precipitate due to changes in pH as a result of
organic productivity. Normalizing Ca with Ti (Ca/Ti ratio), the
terrestrial component to Ca variability is removed, and the Ca/Ti
ratio reﬂects autochthonous Ca. Normalization was also carried out
for organic matter content, which may originate from both inlake
and terrigeneous processes. Here the C/N ratios as wells as d13C
enable differentiation of organic sources.
In the current study, the original set of properties was reduced
to a subset of 13 parameters created by removing highly correlated
variables, and by retaining only corrected values of the measure-
ments. The environmental variables were normalized by dividing
all parameters by their standard deviation by log-transforming all
percentage values (Appendix B.7). The RDA was conducted using a
matrix containing these normalized values and the reduced set of
33 MOTUs/MOTU groups described above (Appendix B.6).
4. Results
4.1. Vascular plants
In vascular plant dataset 1 (vp1) and dataset 2 (vp2), a total of
169,192 and 172,029 sequence reads could be assigned to samples,
resulting in 1188 and 854 unique sequences ﬁtting the length and
count thresholds, respectively (Appendix A.1). Further ﬁltering,
cleaning, taxonomic annotation and discarding sequences identical
to cultivated plants resulted in a total of 17 MOTUs (9 from vp1 and
16 from vp2) regarded as reliably authentic (Fig. 2, Appendix B.1).
Seven MOTUs were identiﬁed to the species level and six MOTUs to
the genus level (Luzula represented by twoMOTUs). OneMOTUwas
identiﬁed as either Calamagrostis or Agrostis, two to the family level
(Asteraceae, Ranunculaceae), and one to the tribe level (Gnapha-
lieae; most likely representing Antennaria). Reliably authentic se-
quences were retrieved from 17 of the 20 samples, representing all
three zones (Fig. 2). The most commonly retrieved genera were
Saxifraga, Salix and Poa, each occurring in eight samples.
In addition to the reliably authentic sequences, we recovered
sequences that we considered to be of uncertain authenticity,
including likely contaminants. These sequences, together with the
speciﬁc reasons for excluding each of them, are listed in Appendix
B.5. In this respect, the identiﬁcations based on the EMBL-derived
reference library were particularly valuable, as several food plants
and other common contaminants could only be identiﬁed using the
EMBL library (e.g., one sequence had a best identity value of 0.96 to
Fig. 2. Vascular plant and bryophyte taxa identiﬁed in the analyzed samples of the core. Age, depth, lithology, zonation and DNA samples with their respective numbers (cf. Table 1)
are shown, with details on lithology and zonation explained in the ﬁgure. The displayed zonation follows that inferred by Olsen et al. (2012).
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Cedrus sp. in the EMBL library; Cedrus is highly unlikely to have
occurred at any time in North Greenland, and the sequence was
removed.) All sequences that were identiﬁed in the blanks were
removed from the dataset (e.g., Pinus sp. was retrieved from the
extraction blank in both sequencing runs).
The oldest sample in the record, dated to ca 10,800 cal yr BP,
yielded Empetrum nigrum, Saxifraga sp., Festuca sp. and Salix sp. (the
latter identiﬁed in vp1 with low read numbers). No authenticated
sequences of vascular plants were found in the sample above, while
Asteraceae and Calamagrostis/Agrostis were retrieved at the border
between zones 1 and 2.
The lowermost sample of marine zone 2 (age ca 10,300 cal yr BP)
contained Festuca sp. and Salix sp. The most common genus found
in this part of the core was Saxifraga, occurring from about
8600 cal yr BP onward. Different sequences identiﬁed as Saxifraga
were retrieved, of which one was assigned to Saxifraga oppositifolia,
the currently most common Saxifraga species in the area according
to our observations. Other taxa recovered from zone 2 were Gna-
phalieae, Poa sp., Festuca sp. and Juncus biglumis.
Salix appeared before the transition to zone 3 and was contin-
uously present from about 7400 to 2750 cal yr BP. Cassiope tetra-
gona was retrieved from three samples in zone 3 (ca 6900, 4250,and 1500 cal yr BP). Herbaceous taxa retrieved in zone 3 were
Saxifraga sp., Bistorta vivipara, Gnaphalieae, Ranunculaceae and
Veronica sp. Graminoids were represented by Poa sp. and by the two
Luzula MOTUs, and one sample contained Equisetum arvense.
4.2. Bryophytes
Bryophyte sequences were obtained from seven samples, both
from PCRs with bryophyte speciﬁc primers and from the PCRs
targeting vascular plants (Fig. 2). From the sequencing of bryophyte
speciﬁc PCR products a total of 857 sequences could be assigned to
samples, corresponding to 51 unique sequences ﬁtting the length
and count thresholds. The vascular plant PCRs yielded a total of
7328 bryophyte sequences retained after ﬁltering and taxonomic
annotation. The combined dataset resulted in eight bryophyte
MOTUs (Appendix B.2). One was identiﬁed to a genus, six to fam-
ilies and one to an order.
The most commonly identiﬁed taxon was Polytrichaceae,
retrieved from ﬁve samples in zone 1 and one sample in zone 2,
with the earliest ﬁnd at about 7750 cal yr BP. It was the only
bryophyte retrieved from a sample older than 5500 cal yr BP. In
samples of this age and younger, bryophytes were retrieved from
six of the seven samples. Other identiﬁed taxa were Hypnales,
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Cephaloziaceae and Pohlia sp.
4.3. Diatoms and other algae
4.3.1. Taxonomic characterization
The reactions with primers designed to be speciﬁc for diatoms
were positive in 18 samples, yielding 454,878 sequences assigned
to samples, with 1166 unique sequence types after ﬁltering for
length and sequence count thresholds, and a total of 176 MOTUs
were retained after further ﬁltering. Of these, 68 MOTUs had a
best identity value of 0.95 or more in the ecotag analysis and
were therefore taxonomically annotated. The remaining 108
MOTUs were named with numbers (MOTU69 e MOTU176).
Although not being taxonomically annotated by the ecoTag
analysis, they were included in the statistical analyses and the
higher-level taxonomic positions of their best BLAST hits were
recorded (Appendix B.3, Fig. 3). All sequences were inferred to
originate from algae, and most (77%) had closest afﬁnities to di-
atoms. Other groups represented in the sequences were Phaeo-
phyceae (brown algae, 9.7%), Dictyochophyceae (silicoﬂagellates,Fig. 3. Algal and copepod taxa identiﬁed in the analyzed samples of the core. Age, depth, lith
highest taxonomic level considered valid. Copepods are indicated as C1eC4 in the ﬁgure
taxonomic composition (far right panel) is based on the higher-level annotation of all iden6.3%) and Eustigmatophyceae (4%). The remaining sequences
(<3%) had closest hits in Chrysophyceae, Phaeothamniophyceae
and Rhodophyta.
The 68 sequence types that were taxonomically annotated with
ecotag were identiﬁed to 31 different taxa at different taxonomic
levels (Appendix B.3). Of these, 21 sequence types (31%) were
identiﬁed to species level, resulting in 11 different species; 29
sequence types (43%) were identiﬁed to genus level, placed in 12
different genera; and the remaining sequence types (26%) were
identiﬁed to higher taxonomic levels. All three major classes of di-
atoms (Round et al., 1990), the raphid pennates (Bacillariophyceae),
centrics (Coscinodiscophyceae) and araphid pennates (Fragilar-
iophyceae), were represented (Fig. 3). The most commonly identi-
ﬁeddiatomwas Pseudo-nitzschia sp., found in four samples, followed
by Chaetoceros socialis and Thalassiosira sp., both found in three
samples. Other genera and species that were identiﬁed were only
found in one or two samples each. Apart from diatoms (45 MOTUs),
the taxonomically annotated sequences contained Phaeophyceae
(brown algae) and the genus Nannochloropsis (Eustigmatophyceae).
The richness of sequence types and the diversity of diatoms
retrieved per sample varied strongly through the core. The oldestology, zonation and DNA samples are indicated. Names of the diatoms are given to the
, with their taxonomic annotations given below. The overall taxonomic richness and
tiﬁed MOTUs.
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and no diatom sequences (Fig. 3). The number of sequences and the
percentage of diatomswere remarkably higher in the sample above.
Highest numbers were reached in zone 2 of the core, where sam-
ples contained up to 34 sequence types. This part of the core also
contained most of the taxonomically annotated diatom sequences
and most of the brown algae sequences. Samples from zone 3 had a
considerably lower richness, with a maximum of ﬁve sequence
types reached at depth 198e199 cm (~6900 cal yr BP). The per-
centage of diatom sequences was also lower towards the top of the
core, and, similar to the oldest sample, a relatively high percentage
of sequences were identiﬁed as Nannochloropsis sp.
4.3.2. Statistical analyzes of the algal MOTU matrix and
environmental variables
In the ﬁnal PCA of 33 MOTUs/MOTU groups from 18 samples
(Fig. 4a, overlaid ordination of MOTUs/MOTU groups and samples,
Appendix C.2), samples with formerly inferred lacustrine condi-
tions (zone 3, cf. Olsen et al., 2012) were clearly distinct from most
samples of the brackish and marine zones along axis 1. Samples
from zone 1, formerly inferred as brackish, did not cluster sepa-
rately, but were split between those with marine and freshwater
conditions. The highest loadings on axis 1 (18.82% of the total
variance) were obtained by MOTU158, MOTU82 and Pseudo-nitz-
schia sp., only retrieved from brackish and marine zones. MOTU
group 10 and the freshwater taxa Scoliopleura peisonis and Nan-
nochloropsis, obtained the lowest axis 1 loadings. Axis 2 (11.45%)
separated the brown algae Battersia arctica, Desmarestia sp. and
MOTU group 16 (containing another Battersia arctica sequence and
Chaetopteris plumosa) from Nannochloropsis, and also separated
samples with Battersia arctica from those with Nannochloropsis.
The RDA including 33 MOTUs/MOTU groups along with the 13
environmental variables (Fig. 4b, Appendix C.3) revealed correla-
tions between the presence of certain diatom taxa and chemical
and physical properties of the sediments. The environmental vari-
ables had the highest factor loadings and contributed substantially
to the samples' grouping. Combined, axis 1 and 2 separated three
groups of samples, distinctly clustering with environmental vari-
ables: the freshwater samples and two groups of marine samples,
while the samples from the brackish zone 1 again plotted withinFig. 4. a) Principal Component Analysis (PCA) biplot of the 18 sediment samples based on 1
values were merged, resulting in a total of 33 MOTUs/MOTU groups displayed in the plot
numbers (cf. Table 1). b) Redundancy Analysis (RDA) biplot of the 18 sediment samples base
describing physical, chemical and geological properties of the sediments.these groups. Highest loadings along axis 1 (22.5%) were obtained
by Br/C (bromium to organic carbon ratio, correlated with salinity),
d13C, and Ca, and by the marine diatom Pseudo-nitzschia, unclassi-
ﬁed Bacillariaceae and the brown algae Battersia arctica. The
freshwater diatom Scoliopleura peisonis and Nannochloropsis had
the lowest loadings. Axis 2 (12.4%) separated the two marine taxa
Pseudo-nitzschia sp. and Desmarestia sp..
4.4. Copepods
Copepod-speciﬁc reactions resulted in three positive PCR
products, all from themarine/brackish zones 1 and 2, which yielded
171,987 sequence reads assigned to samples. These corresponded
to 669 unique sequence types ﬁtting the length and count
thresholds, and to eight sequence types after ﬁltering with obi-
clean, all identiﬁed as marine taxa. The sample from the brackish
zone 1 (~10,650 cal yr BP) yielded sequences identiﬁed as Pseudo-
calanus sp. and Calanus sp., while the sequences from samples of
the marine zone 2 (at ~8300 cal yr BP and ~7400 cal yr BP) were
identiﬁed as Pseudocalanus mimus and Calanoida (Appendix B.4,
Fig. 3).
5. Discussion
5.1. Stratigraphic integrity of the DNA record
We found the distribution of the DNA of aquatic organisms in
the core to be consistent with the delimitation of marine and non-
marine phases (Olsen et al., 2012). We consider this ﬁnding to
strongly indicate that leaching of DNA or other disturbance do not
pose a problem in the Bliss Lake DNA record, a necessary prereq-
uisite for further paleoecological inference. In particular, we iden-
tiﬁed the presence of either marine or freshwater algal groups in
the sediment samples, and it was possible to infer shifts in the
paleocommunity composition over time. The separation of PCA
clusters based on the taxonomic diversity of the recovered DNA
sequences (Fig. 4a) is consistent with the zonation inferred from
the microscopic analyses of diatom valves (Olsen et al., 2012).
Furthermore, the direct comparison of organismal remains identi-
ﬁed by visual inspection by Olsen et al. (2012) with our DNA record76 diatom/algal MOTUs retrieved from sedaDNA. MOTUs with identical factor loading
(names abbreviated as in legend). Numbers inside the zone symbols are DNA sample
d on 176 diatom/algal MOTUs retrieved from sedaDNA and 13 environmental variables
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aquatic moss Warnstorﬁa exannulata (Schimp.) Loeske was identi-
ﬁed at depths of 145 cm and 164 cm (Olsen et al., 2012), and the
DNA samples taken close to these depths (157 and 176 cm) contain
a sequence identiﬁed to the order Hypnales, towhichW. exannulata
belongs. Finally, there is an interesting correspondence between
the morphological record and the DNA record, which contradicts
the inferred overall zonation, but is consistent between the two
records: The microscopic record of diatom valves in the lacustrine
zone 3 contained some polyhalobous taxa, which were interpreted
as allochthonous, marine input by Olsen et al. (2012), and which
showed a peak at 157 and 193 cm. Similarly, the DNA record con-
tains sequences of brown algae, a strictly marine group, at 157 and
198 cm (Fig. 3). This points to somemarine input in these particular
samples, which were taken from the otherwise lacustrine zone 3. In
effect, the correspondence between the two records provides
additional support for the stratigraphic integrity of the DNA.
The apparent absence of leaching is in accordance with most
analyzed DNA records, including subaquatically deposited (e.g.
Epp et al., 2010; Coolen et al., 2013), permanently frozen (e.g.
Willerslev et al., 2003) or non-frozen soils and sediments
(Hebsgaard et al., 2009), but a notable exception to this pattern
has been observed in temperate sediments from New Zealand
(Haile et al., 2007).5.2. DNA-based paleoenvironmental history of Bliss Lake and
surroundings
Using sedimentary ancient DNA, we were able to identify or-
ganisms from several different taxonomic groups and trace their
occurrence in Bliss Lake and its surroundings since the deglaciation
of northernmost Greenland. Our record shows early appearances of
vascular plants and an open fell-ﬁeld vegetation throughout the
Holocene, and distinct historical salinity changes in the lake water
are reﬂected in the DNA of algae and copepods.
The DNA record of vascular plants starts at approximately
10,800 cal yr BP (depth 331 cm) with four taxa: Empetrum nigrum,
Saxifraga sp., Festuca sp. and Salix sp. (albeit with low number of
reads). Empetrum nigrum has repeatedly been recorded as the
earliest woody plant in Greenland, with the oldest record from
Scoresbysund in East Greenland (70300N, 21580W), where its
heavy, short-dispersed pollen tetrads are present in the oldest
Holocene lake cores that date back to at least 11,000 cal yr BP
(Funder, 1978). Macro remains further north in East Greenland, to
the north of its present distribution area, date to ca 10,400 cal yr BP
(Bennike et al., 1999; Wagner et al., 2008). The early appearance of
E. nigrum has been attributed to rapid endozoic transport of the
fruit stone by birds, and this might also explain its early appearance
in the Bliss Lake record. Modern DNA data have shown that this
species has extreme long-distance dispersal ability, with recent
dispersal at the full northern circumpolar as well as at the bipolar
scale (Popp et al., 2011).
The retrieval of plant DNA in the oldest sample, including
E. nigrum, which presently has its northern limit several hundred
kilometers to the south (Bay, 1992), indicates relatively high sum-
mer temperatures that could enable growth of bryophytes and
vascular plants around the lake already in the early Holocene. Plant
growth may however have been marginal and unstable. The low
amount of plant DNAwe retrieved in the samples directly above the
oldest sample could be caused by deteriorating conditions for the
sedimentation (and hence preservation) of plant DNA, but it could
also reﬂect that the earliest Holocene plant arrival did not result in
long-lasting establishment. Molecular genetic structure of modern
plant populations in the Arctic indicates that their currentdistribution is more limited by establishment success than by
dispersal potential (Alsos et al., 2007).
The occurrence of Salix sp. in the samples dating to ~10,300 and
~10,800 cal yr BP is somewhat surprising and should be interpreted
with caution. The only Salix species present in the area today, and
the only species that has previously been identiﬁed in macrofossil
records from north Greenland, is S. arctica. Most records from
northern and northeastern Greenland detect S. arctica only from
about 8000e7500 years onward (Fredskild, 1985; Blake et al., 1992;
Bj€orck et al., 1994). Its earliest Holocene record from Greenland is
from Nioghalvfjerdsfjorden, about 450 km southeast of Bliss Lake,
dated to approximately 8800 cal yr BP (Bennike and Weidick,
2001). This has been considered a minimal date of its arrival, and
its route of immigration is suggested to have been from northern
Canada. The area around Bliss Lake is situated along the proposed
immigration route, but the sequence data move the immigration
date back by almost 2000 years. However, the number of sequence
reads retrieved in these samples is very low, and much lower than
in the samples from 7400 cal yr BP onwards (Appendix B.1). The
early occurrence could therefore be interpreted as an artifact of the
sequencing procedure (i.e. tag switching, Carlsen et al., 2012),
cross-contamination or other laboratory contamination (Willerslev
et al., 2014; K. Andersen, pers. comm.). Nevertheless, the early Salix
sp. sequences may be authentic, and this ﬁnding warrants further
investigation.
The pattern of initial high diversity and rapid decline in vascular
plant DNA at the bottom of the core is remarkably different from
that observed for the algal DNA. The oldest sample contains only
sequence types identiﬁed as Nannochloropsis, and no diatom DNA.
The diversity of algal DNA sequence types increased drastically
from the oldest sample to the sample above (Fig. 3, Appendix B.3)
and remained high throughout most of zones 1 and 2. This could
reﬂect either better conditions for diatom growth as nutrient
availability increased, or improved conditions for diatom DNA
preservation under more saline conditions. The increase in algal
DNA sequence types occurs in parallel to increasing marine inﬂu-
ence documented by abiotic parameters during zone 1 (Olsen et al.,
2012). Overall, the algal DNA sequence composition recovers the
environmental changes previously inferred by Olsen et al. (2012).
Both the change to full marine conditions at ~10,500 cal yr BP, as
well as the transition to a lacustrine environment at ~7200 cal yr BP,
are reﬂected in the results of the PCA ordination (Fig. 4).
The change to marine conditions did not seem to inﬂuence the
deposition of vascular plant DNA, as its recovery and diversity did
not notably differ from the other phases of the lake. During the
marine phase of the lake's history, it was likely a shallow marine
bay, with a vascular plant DNA input originating from a catchment
that was similar to the catchment during the other phases. The
record largely reﬂects polar desert conditions around the lake with
sequences identiﬁed as Saxifraga oppostifolia, Saxifraga sp., Poa sp.
and J. biglumis. It also contains Festuca sp., one sequence identiﬁed
as Gnaphalieae, and the second of the early Salix appearances
discussed above. The youngest sample of the marine phase records
the start of continuous presence of Salix sp., in agreement with
previous records of the establishment of S. arctica in North and
Northeast Greenland (Funder and Abrahamsen, 1988; Bennike,
1999; Wagner et al., 2008). It is detected until about 2750 cal yr
BP as a component of an open vegetation containing plants such as
Bistorta vivipara, Ranunculaceae, Saxifraga sp., Cassiope tetragona,
Poa sp., Luzula sp. and E. arvense. This indicates that Salix remained
present in the lake's catchment during a time period of cooling
and increase of sea ice at the adjacent coast, beginning
ca 6000 cal yr BP (Olsen et al., 2012). The timing of the disap-
pearance of Salix in the lake's drainage area cannot be established
more precisely, because the sediments between 116 cm and 87 cm
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that documented for another North Greenland lake (Funder and
Abrahamsen, 1988), where polar desert developed from sparse
high arctic tundra ca 4300 cal yr BP.
The temperatures around Bliss Lake have been inferred to have
slightly increased from ca 3300 until 910 cal yr BP (Olsen et al.,
2012), and this is supported by our ﬁndings of Cassiope tetragona
(ca 1500 cal yr BP) and Veronica sp. (ca 1200 cal yr BP). At around
845 cal yr BP there appears to have been a signiﬁcant transition to
colder conditions. After this time the vascular plant DNA record
shows only Saxifraga sp. and Luzula sp., at about 750 cal yr BP,
while no putatively authentic DNA was recovered from the
topmost sample with an inferred age of about 500 cal yr BP. The
complete lack of vascular plant DNA at the top of the core is likely
due to the year-round ice cover that was noted during core sam-
pling. This ice cover has remained despite proxies indicating
increasing temperatures from about 510 cal yr BP (Olsen et al.,
2012).
The record of algal DNA in the lacustrine part of the Bliss Lake
core contains only a few different sequence types, especially of
diatoms, and for most of these sequence types accurate taxonomic
assignment was not possible. Interestingly, a sequence type iden-
tiﬁed as Fragilaria sp. appeared in the lower lacustrine part of the
core, which may stem from the microscopically identiﬁed Fragilaria
pinnata, which is commonly found in lakes after isolation from the
sea (Olsen et al., 2012). The other more precisely identiﬁed diatoms,
Neidium sp. and Scoliopleura peisonis, conﬁrm the freshwater con-
ditions during this phase. The low richness in algal DNA could be
linked to poor preservation of diatom DNA, but it is also consistent
with the low nutrient availability inferred for this phase of the
lake's history (Olsen et al., 2012).
5.3. Multi-taxon sedaDNA metabarcoding for paleoecological
inference in low productivity environments
The Bliss Lake sediment core, for which substantial paleo-
ecological changes had previously been inferred (Olsen et al.,
2012), offered a unique opportunity to test the feasibility and
validity of DNA-based multi-taxon inference in an extreme
environment such as the High Arctic. The few lake sediment DNA
studies carried out to date have focused mostly on vascular plants
(Parducci et al., 2012, 2013; Pedersen et al., 2013; Boessenkool
et al., 2014; Willerslev et al., 2014), but lake sediments contain
DNA from many different organism groups. This enables multi-
proxy studies, which can more conﬁdently infer paleoecological
history than studies relying on single proxies (Birks and Birks,
2006). Importantly, the results of our multi-taxon DNA analysis
of the Bliss Lake core are in agreement with previously inferred
ecological changes, as shown by the statistical analyses of the
algal sequences (Fig. 4) and by the identiﬁcation of marine co-
pepods only in phases with elevated levels of salinity. This con-
ﬁrms the suitability of multi-taxon DNA approaches for
paleoecological inferences, even in extreme low-productivity
settings such as the High Arctic. Here, low DNA concentrations
and variable detection success for targeted taxa pose a limitation
to the multi-taxon metabarcoding approach. Relatively contin-
uous records throughout the core were achieved only with the
primers targeting diatoms (18 positive samples) and vascular
plants (17 positive samples). Nevertheless, by including multiple
taxa, paleoecological inferences drawn from dominant organisms
can be obtained, and DNA data can complement existing
paleorecords.
The clearest signal of paleoecological change was recovered
using a diatom speciﬁc reaction. Diatoms are a classical proxy for
the paleoecological analyses of lake ecosystems (Douglas andSmol, 1999), and diatom DNA has previously been retrieved from
lake sediments (Coolen et al., 2004; Epp et al., 2011; Stoof-
Leichsenring et al., 2012). Here we used a group-speciﬁc meta-
barcoding approach including high-throughput amplicon
sequencing and retrieved a high number of sequence types of a
fragment of the rbcL gene. A difﬁculty encountered using this
approach was the taxonomic assignment of the retrieved se-
quences: most sequences could not be taxonomically assigned
using our strict criteria, likely due to the current lack of adequate
reference libraries (Kermarrec et al., 2013). Therefore, classical
inference of ecological conditions from diatom data was limited in
our study. Nevertheless, it was possible to identify presence of
either marine or freshwater groups in sediment samples, and to
infer shifts in the paleocommunity composition over time. We
have thus shown that the analysis of algal DNA can be used as an
indicator for environmental conditions, and this approach may
reach its full potential when more complete reference libraries
have been developed.
With a few exceptions, the richness in the algal DNA record and
the percentage of diatom sequences retrieved were particularly
high in periods with elevated salinity. This indicates that conditions
were good for diatom growth, but the high numbers could also
reﬂect that DNA degradation is delayed under saline conditions
(Lindahl, 1993) and that marine sediments might be particularly
ideal for sedimentary ancient DNA analyses. The freshwater sam-
ples, on the other hand, displayed much lower sequence diversity,
and in some samples the PCR product was largely dominated by
sequences identiﬁed to the non-diatom genus Nannochloropsis
(eustigmatophytes). The appearance of the non-target Nanno-
chloropsis DNA is putatively an indication of very low diatom DNA
concentrations.
For copepods, our ﬁnding represents the second Holocene
paleorecord from Greenland to date. The only other published re-
cord is copepod egg sacs from a single lake, tentatively identiﬁed as
Diaptomus castor (Bennike, 1998), a species that lives in shallow
ponds (Bennike et al., 2000). The overall poor detection success we
obtained for copepod DNA is possibly due to the relatively long
fragment (~300 bp) ampliﬁed by the currently available primers
(Bissett et al., 2005). They have successfully been used in previous
studies (Xu et al., 2011; Coolen et al., 2013), but the fragment length
is beyond the limit of degradation for many ancient DNA samples
(P€a€abo et al., 2004; Binladen et al., 2007; Rasmussen et al., 2010).
Development of a shorter marker could enhance the use of copepod
DNA in paleoecology.
The lack of bryophytes from the older samples and the gener-
ally poor retrieval of bryophytes are unexpected, as bryophytes are
both species-rich and important biomass producers in High Arctic
vegetation (Hassel et al., 2012, 2014). Both leaves and shoot frag-
ments can be successfully conserved in old lake sediments (e.g.
Vorren et al., 2013). However, detection of ancient bryophyte DNA
has been reported to be difﬁcult in previous studies (Suyama et al.,
2008; Epp et al., 2012), and the late start of bryophyte DNA
detection (at 225 cm) in our core is in line with this. This sample is
nearly 8000 cal yr BP old, but we would have expected bryophytes
to be present earlier in the record. The apparently low preserva-
tion potential of bryophyte DNA could be linked to the high pro-
duction of secondary metabolites in bryophytes (Xie and Lou,
2009), which enhance DNA degradation. Vascular plant DNA on
the other hand was found down to the bottom of the core, albeit
with low diversity. Limited diversity in vascular plant DNA in
comparison to pollen has previously been found in other lake
sediment records (Jørgensen et al., 2012; Parducci et al., 2013;
Boessenkool et al., 2014). In the case of Bliss Lake, however, the
vegetation is very scarce, and the limited diversity in the DNA
record does not stand out from pollen and macrofossil studies
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Wagner et al., 2008).6. Conclusions
Understanding past dynamics of High Arctic ecosystems is of
high relevance with regard to current global change, but paleo-
ecological studies are challenging in this low productivity envi-
ronment. Using ancient DNA from a lake sediment core, we were
able to analyze vascular plants, bryophytes, diatoms and other
algae, and copepods throughout the Holocene in northernmost
Greenland. Both the plant and algal DNA records indicate relatively
high summer temperatures in the early Holocene, with several
identiﬁed plant taxa being present shortly after deglaciation,
including the woody plant Empetrum nigrum. The remaining record
of plant sedaDNA corresponds well with current knowledge of the
vegetation history in North Greenland. Our analysis of algal DNA
traced changes between marine and lacustrine phases in the lake's
history, echoing previous inferences based on microscopic diatom
investigations. Our detection success differed markedly between
the organism groups investigated, but the sedaDNA record yielded
novel paleoecological data for all analyzed groups and thus proved
to be a valuable tool in low productivity ecosystems such as the
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